Rationale: It is known that the transcriptional coactivator p300 is crucially involved in the differentiation and growth of cardiac myocytes during development. However, the physiological function of p300 in the postnatal hearts remains to be characterized. Objective: We have now investigated the physiological function of p300 in adult hearts. 
T he transcriptional coactivator p300 interacts directly with components of the basal transcriptional apparatus and various enhancer-binding proteins, thereby modulating enhancer-mediated transcription. 1, 2 Several lines of evidence suggest that p300 plays a critical role in the differentiation and growth of cardiac myocytes during development. For example, mice lacking a functional p300 gene die in utero, between embryonic days 9 and 11.5, because of disruption of cardiac muscle differentiation and trabeculation. 3 Within the myocardium, p300 serves as a coactivator of several transcription factors enriched in cardiac tissue, including GATA-4, myocyte enhancer factor (MEF)2, and serum response factor, and is required for these factors to exhibit their full transcriptional activities. 4 -6 Notably, these molecules are also known to function as hypertrophy-responsive transcription factors during the pathogenesis of cardiac hypertrophy and heart failure in adults, and transgenic mice expressing p300 under the control of the cardiac-specific ␣-myosin heavy chain (MHC) promoter exhibit eccentric cardiac hypertrophy and increased mortality, 7 whereas cardiac-specific overexpression of p300 exacerbates adverse cardiac remodeling after myocardial infarction. 8 These findings imply that in some cases a therapeutic benefit may be obtained through inhibition of p300. 9 On the other hand, p300 appears to be essential for normal cardiac development 3, 10 and important for cardiac myocyte survival under some conditions. 11 Consequently, inhibiting the activity of p300 could have adverse effects on the adult heart.
Peroxisome proliferator-activated receptor (PPAR)␥ coactivator (PGC)-1␣, 12 estrogen-related receptor (ERR)␣, 13 and PPAR␣ 14 are 3 mediators recently shown to regulate mitochondrial biogenesis and gene expression. 15 PGC-1␣ was cloned based on its ability to interact with PPAR␥ 16 and appears to be a critical regulator involved in the control of cardiac mitochondrial function in response to energy demands. 12 ERR␣ reportedly acts as an effector of PGC-1␣ and is an important regulator of genes involved in oxidative phosphorylation and mitochondrial biogenesis. 17 Furthermore, PPAR␣ was shown to regulate expression of genes involved in mitochondrial fatty acid oxidation. 14 It is known that p300 forms complexes with PGC-1␣ and PPAR␣, 18 -20 but the precise function of p300 in mitochondrial gene expression and function remains unclear.
Our aim in the present study was to examine the physiological function of p300 in the postnatal heart. To accomplish that, we developed a transgenic (TG) mouse that overexpresses a dominant-negative p300 mutant lacking the C/H3 domain (p300⌬C/H3) under the control of the cardiacspecific ␣-MHC promoter. Notably, these p300⌬C/H3 transgenic (p300⌬C/H3-TG) mice showed severe cardiomyopathy and died prematurely, and our findings demonstrate that p300 is essential for the maintenance of mitochondrial integrity and for the survival of cardiac myocytes in the postnatal heart.
Methods

Plasmid Constructs
A fragment containing full-length wild-type (WT) p300 or p300⌬C/ H3, in which the C/H3 domain was deleted, was inserted into the pCMV␤. Constructs containing the luciferase gene driven by the Ϫ452 bp of the proximal enhancer-promoter region of the atrial natriuretic peptide (ANP) gene (Ϫ452hANPluc) or by the Ϫ1812 bp of the enhancer-promoter region of the brain natriuretic peptide (BNP) gene (Ϫ1812hBNPluc) were described previously. 21, 22 Luciferase reporter genes driven by the promoter region of the PCG1␣ gene, tandem GATA sites (GATA-luc), and tandem MEF2 sites (3xMEF2-luc) were kindly provided by M. D. Schneider (Baylor College of Medicine, Houston, Tex), R. S. Viger (University Laval, Ontario, Canada), and E. N. Olson (University of Texas Southwestern Medical Center, Dallas, Tex), respectively. A luciferase reporter gene driven by multiple PPAR response element sites and an expression vector encoding ERR␣ were kindly provided by D. P. Kelly (Washington University, St Louis, Mo).
Cell Culture, Transfection, and Luciferase Assay
Neonatal rat ventricular myocytes were prepared and transiently transfected by electroporation as described previously. 23, 24 
Western Blotting Analysis
To evaluate autophagy, we used an antimicrotubule-associated protein 1 light chain 3 (LC3) antibody kindly provided by N. Mizushima (Tokyo Medical and Dental University, Japan) 25, 26 and an anti-cathepsin D antibody (Santa Cruz Biotechnology).
Tetramethylrhodamine Ethyl Ester Staining of Isolated Adult Mouse Cardiomyocytes and Whole Hearts Ex Vivo
Isolated ventricular myocytes were suspended in DMEM supplemented with 10 mmol/L HEPES and plated in 6-well dishes.
Tetramethylrhodamine ethyl ester (TMRE) (100 nmol/L; Molecular Probes, Eugene) was then added to the medium for 30 minutes, after which the intensity of TMRE fluorescence was evaluated using confocal microscopy.
For TMRE staining of whole hearts ex vivo, we analyzed Langendorff-perfused mouse hearts using a modification of the Langendorff method previously described for use with rat hearts. 27 
Statistical Analysis
Data are presented as meansϮSEM. Unpaired t tests were used for comparisons between 2 groups, and ANOVA with post hoc Fisher's tests was used for comparison among groups. Values of PϽ0.05 were considered significant.
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Results
p300⌬C/H3 Inhibits the Activities of Cardiac Transcription Factors and Cardiac Gene Transcription in a Dominant-Negative Fashion
A well-conserved C/H3 domain is necessary for the interaction of p300 with multiple DNA-binding factors, 4,28 -30 and p300 lacking its C/H3 domain reportedly acts as a dominantnegative mutant. 2 With that in mind, we initially tested whether a p300 C/H3 deletion mutant (p300⌬C/H3) would exert a dominant-negative effect on the cardiac-enriched transcription factors MEF2 and GATA4, both of which are known to functionally interact with p300. 4, 28 p300⌬C/H3 dose-dependently inhibited GATA 4-and MEF 2-induced transcriptional activation of the reporter genes ( Figure 1A and 1B), and also inhibited p300-induced enhancement of GATA4-and MEF2-mediated transcription, confirming its dominant-negative effect ( Figure 1C and 1D) .
To examine the effect of p300⌬C/H3 on the expression of cardiac genes, we cotransfected cultured rat neonatal ventricular myocytes with p300⌬C/H3 and Ϫ452hANPLuc or Ϫ1812hBNPLuc, and found that p300⌬C/H3 dosedependently inhibited the activities of both Ϫ452hANPLuc andϪ1812hBNPLuc ( Figure 1E and 1F) , as well as GATA4- 
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induced activation of Ϫ452hANPLuc and Ϫ1812hBNPLuc in C2C12 cells ( Figure 1G and 1H).
Cardiac Overexpression of p300⌬C/H3 Causes Heart Failure and Premature Death
Having confirmed the dominant-negative effect of p300⌬C/ H3, we sought to evaluate the physiological function of p300 in adult heart using p300⌬C/H3-TG mice, in which p300⌬C/H3 was expressed under the control of the cardiacspecific ␣MHC promoter ( Figure 2A ). We obtained and investigated 2 independently derived p300⌬C/H3-TG founders (TG1 and TG2). The data obtained from TG1 were essentially the same as those obtained from TG2 shown in Online Figure I (A through H) and are presented below. Expression of the protein encoded by the transgene was confirmed by Western blotting with an anti-hemagglutinin tag antibody ( Figure 2B ). Moreover, Western blotting with antibodies recognizing both WT mouse p300 and mutant human p300⌬C/H3 showed that the level of p300⌬C/H3 expression was 1.9-fold higher than that of endogenous p300 ( Figure 2C ). p300⌬C/H3-TG mice appeared normal at birth, but by 12 weeks after birth, their survival rate was significantly lower than that of WT mice (survival rate at 12 weeks of age: WT [nϭ40], 100%; TG [nϭ28], 71%; Figure 2D ), and almost all had died by 20 weeks of age (survival rate at 20 weeks of age: WT [nϭ40], 100%; TG [nϭ28], 3.5%; Figure 2D ). The survival rate among p300⌬C/H3-TG mice was also much lower than that among TG mice overexpressing exogenous WT p300 in their hearts, which showed 76% survival at 42 weeks of age. 7 At 12 weeks of age, the hearts of p300⌬C/ H3-TG mice were much larger than those of WT mice ( Figure 2E , 2F and 2G). Likewise, the lung weight/body weight ratios were significantly higher in p300⌬C/H3-TG mice ( Figure 2H ). Echocardiographic analysis revealed the ejection fraction to be significantly reduced and the left ventricular (LV) end-systolic diameter to be significantly increased in p300⌬C/H3-TG mice (Table) . In another transgenic mouse, TG2, which expressed the transgene at a lower level than TG1, we found similar but milder LV dysfunction and dilatation (Online Figure I , A through F). Hemodynamic analysis of 12-week-old p300⌬C/H3-TG mice also indicated LV dysfunction, as reflected by markedly elevated LV end-diastolic pressure and significant depression of both the maximal and minimal rates of LV pressure development (dP/dt-max and dP/dt-min, respectively) (Table) .
When we then used real-time PCR to examine the expression of cardiac stress markers in p300⌬C/H3-TG mice, we found that expression of both ANP and BNP was markedly upregulated, and expression of sarcoplasmic/endoplasmic reticular calcium ATPase (SERCA)2 was significantly downregulated in p300⌬C/H3-TG hearts (Figure 2I through 2K; Online Figure I , G). 31, 32 Although p300⌬C/H3 inhibited ANP and BNP gene transcription in cultured cardiac myocytes, this suggests that endogenous p300 is not required for pathological induction of these fetal cardiac genes in adult hearts.
Histological examination of cross-sections confirmed enlargement of the atrial and ventricular chambers in 12-weekold p300⌬C/H3-TG hearts ( Figure 3A , 3B, 3C, and 3D). At higher magnification, hematoxylin/eosin (H&E)-stained ventricular myocytes from p300⌬C/H3-TG hearts were highly variable in size ( Figure 3E and 3F ). In addition, Sirius red staining revealed the presence of significant interstitial fibrosis in p300⌬C/H3-TG ventricles ( Figure 3G and 3H), whereas electron microscopic examination revealed vacuolization of the ventricular myocytes and myofibrillar degeneration, features typical of human cardiomyopathy ( Figure  3I ). We also performed oil-O-red staining to compare the lipid droplets in the ventricular myocardia of WT and p300⌬C/H3-TG mice and found there to be no difference between the 2 genotypes (data not shown).
p300⌬C/H3 Directly Inhibits the Expression and Function of PGC-1␣
Electron microscopic examination also revealed that the numbers of mitochondria were dramatically increased in p300⌬C/H3-TG myocytes, but that they were much smaller in size than those in WT myocytes ( Figure 3I ). This prompted us to assess the expression and function of mitochondrial genes in p300⌬C/H3-TG mice. Using quantitative real-time RT-PCR, we evaluated the transcription of genes related to mitochondrial fatty acid oxidation and mitochondrial replication. Expression of nuclear respiratory factor (NRF)1 and mitochondrial transcription factor A mRNAs was significantly downregulated in p300⌬C/H3-TG hearts, as compared to WT hearts ( Figure 4A It was recently reported that PGC-1␣ induces the expression of ERR␣ and then interacts with the expressed protein, enabling it to activate transcription. 17 In addition, ERR␣ reportedly activates PPAR␣ gene expression by directly binding to the PPAR␣ promoter. 13 Therefore, to determine whether p300⌬C/H3 directly inhibits transcription of PGC-1␣, the upstream activator of ERR␣ and PPAR␣, we carried out reporter assays using a PGC-1␣ promoter-luciferase reporter gene. In neonatal rat ventricular myocytes, p300⌬C/H3 significantly and dosedependently inhibited the activity of the PGC-1␣ promoter ( Figure 4C ).
Because MEF2, a muscle-enriched transcriptional activator that interacts with p300, was previously shown to regulate PGC-1␣ promoter activity, 33, 34 we next tested the effect of p300⌬C/H3 on MEF2C-inducible PGC-1␣ promoter activity in CV1 cells. We found that MEF2C-induced PGC-1␣ promoter activity was significantly inhibited by p300⌬C/H3 ( Figure 4D ), suggesting that p300⌬C/H3 directly inhibits PGC-1␣ gene expression in p300⌬C/H3-TG hearts. The mRNA expression of serine/arginine-rich protein-specific kinase (SRPK)3, another MEF2 target gene, was also significantly downregulated in p300⌬C/H3-TG hearts ( Figure 4E ). In addition, because p300 reportedly acts as a coactivator of PGC-1␣ and ERR␣, we also tested whether p300⌬C/H3 directly inhibits PGC-1␣-mediated activation of ERR␣, which would in turn inhibit PPAR␣ gene expression. That p300⌬C/H3 significantly inhibited PGC-1␣-and ERR␣-induced activation of the PPAR␣ promoter ( Figure 4F ) means that p300⌬C/H3 exerts inhibitory effects on both the expression and function of PGC-1␣, thereby suppressing expression of multiple mitochondrial genes in p300⌬C/ H3-TG mice.
Abnormal Mitochondrial Function in p300⌬C/H3-TG Hearts
To evaluate the function of mitochondria in p300⌬C/H3-TG hearts, we initially stained isolated ventricular myocytes with TMRE, a fluorescent dye whose accumulation in active mitochondria is dependent on the mitochondrial membrane potential. Examination of individual mitochondria revealed that TMRE fluorescence reflecting the mitochondrial membrane potential was disorganized and sparse, whereas mean TMRE signals from individual mitochondria were significantly weaker in ventricular myocytes isolated from p300⌬C/ H3-TG mice than in those from WT mice ( Figure 5A and 5B). We also used 2-photon laser microscopy to examine the mitochondrial membrane potential ex vivo in Langendorffperfused p300⌬C/H3-TG hearts. 27 Again the fluorescent signals from the mitochondria in p300⌬C/H3-TG myocytes were significantly weaker than those from WT myocytes ( Figure 5C and 5D) , which confirmed the disruption of mitochondrial function in p300⌬C/H3-TG hearts. In addition, we subjected p300⌬C/H3-TG and WT hearts perfused with TMRE to global ischemia by clamping off the perfusion line and then monitored TMRE fluorescence in the ischemic hearts ( Figure 5E ). We observed a time-dependent loss of TMRE fluorescence, indicating depolarization of the mitochondrial membrane, in all of the ischemic hearts ( Figure 5F ). Notably, however, both the time course of the change in TMRE fluorescence ( Figure 5F ) and the average TMRE signals from individual cells ( Figure 5G and 5H) in WT and p300⌬C/H3-TG hearts subjected to ischemia clearly showed that the depolarization was significantly greater in p300⌬C/H3-TG hearts than in WT hearts ( Figure  5F , 5G and 5H). Moreover, the ATP content of p300⌬C/ H3-TG hearts was significantly lower than in WT hearts ( Figure 5I ).
Increased Autophagic Myocardial Cell Death in p300⌬C/H3-TG
Mitochondrial dysfunction can lead to cell death through induction of apoptosis by release of cytochrome c and subsequent activation of the caspase cascade, or through autophagic cell death mediated by cross-talk between the mitochondria and Golgi apparatus. 35 We then carried out Evans blue dye assays to compare the incidences of myocardial cell death in p300⌬C/H3-TG and WT hearts. 36 As shown in Figure 6A and 6B, intraperitoneally injected Evans blue labeled numerous cells in p300⌬C/H3-TG hearts, indicating the presence of ongoing cell death, but not in WT hearts. Electron microscopic examination of several degenerative myocytes in p300⌬C/H3-TG hearts revealed the presence of cytosolic vacuoles containing lipid droplets, myelin fibers, and degenerated mitochondria, typical features of autophagosomes ( Figure 6C ). Finally, Western blot analysis showed increased expression of LC3-II and cathepsin D, 2 markers of autophagic cell death, in p300⌬C/H3-TG hearts ( Figure 6D ). By contrast, agarose gel electrophoresis of genomic DNA provided no evidence of the DNA laddering characteristic of apoptosis ( Figure 6E ). In addition, there was no increase in the cleavage of caspase 3, a critical event in the activation of mitochondrial apoptotic pathways ( Figure 6F ).
Discussion
To evaluate the physiological function of p300 in postnatal hearts, we analyzed mice overexpressing a dominant negative p300 mutant (p300⌬C/H3) under the control of the ␣-MHC promoter. We found that LV function was disrupted in p300⌬C/H3-TG mice and that almost all died of heart failure by 20 weeks of age. p300⌬C/H3-TG hearts showed several mitochondrial abnormalities affecting both their structure and function. Expression of PGC-1␣, a master regulator of mitochondrial gene expression, 15 and its target genes were markedly diminished in p300⌬C/ H3-TG hearts. p300⌬C/H3 directly inhibited both the expression of PGC-1␣ and its transcriptional activity and also inhibited the transcriptional activity of ERR␣, another regulator of mitochondrial gene expression. Consistent with these findings, mitochondrial membrane potential was severely depolarized in p300⌬C/H3-TG mice. Thus p300 appears to play an essential role in maintaining mitochondrial integrity in postnatal hearts, and its inhibition in adult hearts can lead to mitochondrial and LV dysfunction and death. It is known that PGC-1␣, ERR␣ and PPAR␣ act in concert to regulate mitochondrial biogenesis through the regulation of mitochondrial gene expression. 14, 15, 17 PGC-1␣ regulates the expression and transcriptional activity of ERR␣, 37 whereas PGC-1␣ and ERR␣ act synergistically to activate the PPAR␣ promoter. 13 Although p300 reportedly interacts with both PGC-1␣ and PPAR␣, its role in the transcriptional control of mitochondrial gene expression is not fully understood. 18 -20 In the present study, we found that p300 is an indispensable component of the transcriptional pathways via which mitochondrial gene expression is regulated in adult ventricles. Indeed, transcription of ERR␣, PPAR␣, and PGC-1␣ was significantly downregulated in p300⌬C/H3-TG hearts, which would in turn disrupt expression of an array of mitochondrial genes, leading to severe structural and functional abnormalities in mitochondria from p300⌬C/H3-TG mice.
p300 also serves as a cofactor for the cardiac-enriched transcription factors GATA4 and MEF2, which participate in the transcriptional regulation of fetal cardiac genes such as ANP and BNP. 7, 38 Here, we confirmed that p300⌬C/H3 significantly inhibits GATA4-and MEF2-dependent promoter activity in cultured cells and showed that the activities of the ANP and BNP promoters were diminished by p300⌬C/H3 in cultured neonatal rat ventricular myocytes and noncardiomyocytes. Unexpectedly, however, expression of ANP and BNP mRNA was strongly upregulated in p300⌬C/H3-TG hearts ( Figure 3A) . Although it is clear that p300 coactivates GATA4 and MEF2C, our data suggest that p300 is dispensable for the pathological induction of ANP and BNP expression in the adult heart.
Mitochondria play a crucial role in the regulation of cell survival. Their dysfunction can lead to apoptosis, autophagy, and other modes of cell death via various pathways involving caspase activation, endoplasmic/sarcoplasmic reticulummitochondria connections and lysosome-mitochondria crosstalk. 35 In the present study, we found that the abnormal mitochondrial gene expression and function seen in p300⌬C/ H3-TG hearts led to myocardial cell death that, at least in part, was caused by autophagy; we found no evidence of apoptotic cell death. Consistent with those results are the recent findings that mitochondrial apoptotic pathways are defective in cardiac myocytes. 39 -41 For instance, the expression of apoptotic peptidase activating factor-1, an essential mediator of mitochondrial apoptotic death pathways, is suppressed in cardiac myocytes, making them resistant to mitochondria-mediated apoptosis. 41 In summary, we found that, through the regulation of transcriptional pathways controlling mitochondrial gene expression, p300 is critically involved in the maintenance of mitochondrial integrity and cell survival in adult ventricles. These findings provide novel insight that could be useful in the development of new therapeutic strategies aimed at 
